Heavy Metal Removal by Sedimentation of Street Sweepings in Stormwater Runoff by Brabham, Mary Elizabeth
University of Central Florida 
STARS 
Retrospective Theses and Dissertations 
1988 
Heavy Metal Removal by Sedimentation of Street Sweepings in 
Stormwater Runoff 
Mary Elizabeth Brabham 
University of Central Florida 
 Part of the Engineering Commons 
Find similar works at: https://stars.library.ucf.edu/rtd 
University of Central Florida Libraries http://library.ucf.edu 
This Masters Thesis (Open Access) is brought to you for free and open access by STARS. It has been accepted for 
inclusion in Retrospective Theses and Dissertations by an authorized administrator of STARS. For more information, 
please contact STARS@ucf.edu. 
STARS Citation 
Brabham, Mary Elizabeth, "Heavy Metal Removal by Sedimentation of Street Sweepings in Stormwater 
Runoff" (1988). Retrospective Theses and Dissertations. 5144. 
https://stars.library.ucf.edu/rtd/5144 
UNIVERSITY OF CENTRAL FLORIDA 
OFFICE OF GRADUATE STUDIES 
THESIS APPROVAL 
DATE: March 16, 1988 
I HEREBY RECOMMEND THAT THE THESIS PREPARED UNDER MY SUPERVISION 
BY Mary Elizabeth Brabham ____ _;;__ ________________________ _ 
ENTITLED ,(Heavy Metal Removal By Sedimentation of Street Sweepings 
in Stormwater Runoff". 
BE ACCEPTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS OF THE 
' 
DEGREE OF Master of Science 
FROM THE COLLEGE OF -~E~n_g~i~n~e~e~r~i~n-g _______________ _ 
RECOMMENDATION CONCURRED IN: 
Bruce E. Mathews 
Coordinator of Degree Program 
COMMITTEE ON FINAL EXAMINATION 
HEAVY METAL REMOVAL BY SEDIMENTATION 
OF STREET SWEEPINGS IN STORMWATER RUNOFF 
BY 
MARY ELIZABETH BRABHAM 
B.S., Old Dominion University, 1979 
THESIS 
Submitted in partial fulfillment of the requirements 
for the degree of Master of Science 
in the Graduate Studies Program 
of the College of Engineering 





Continuous flow column studies were conducted to 
characterize suspended sol ids and heavy metal reduct ions through 
sedimentation with varying overflow rates. The heavy metals 
tested were cadmium, zinc, copper, iron, lead, nickel and 
chromium. Stormwater derived samples spiked with street sweepings 
categorized into particle size ranges less than 500 microns in 
diameter were utilized in the research. Overflow rates 
investigated ranged from 28 to 3600 gallons per day per square 
foot. Theoretical predictions of suspended solids reductions with 
the application of Stoke's Law exceeded observed reductions for 
the continuous flow system. Performance curves for all reductions 
over the observed range of overflow rates are described by a 
parabolic relationship with the general equation as follows: 
Reduced fraction= a+ b(Overflow Rate - c) 2 
where a, b and c are constants specific to each parameter. 
Similarities in performance curves for all metals indicate a 
dependence on suspended solids for reductions. Cadmium and 
chromium reductions were a function of overflow rate, but did not 
show a statistically significant dependence on initial total 
suspended solids concentration. Lead, copper, zinc and iron 
reductions were a function of initial total suspended solids 
concentration as well as overflow rate. Iron and nickel exhibited 
dependence on initial concentration of the specific metal for 
reductions, as well as dependence on overflow rate and initial 
total suspended solids concentration. 
The steady-state models selected from the results of this 
research for total suspended sol ids and each of the heavy metals 
are limited to the mixture, specific experimental conditions, and 
range of overflow rates observed in this research. Observed 
reductions of total suspended solids and heavy metals are 
considered to be 1 imited to physical sedimentation processes, in 
that processes that may effect reductions of these elements in a 
natural system are not factors in the results of this research. 
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Stormwater Runoff as Pollution 
Urban stormwater runoff represents a major pollution 
contributor to receiving waters. Among the components found to be 
significant in stormwater runoff are suspended sol ids and heavy 
metals. Suspended solids accumulate from litter and vegetation; 
heavy met a 1 s a cc um u 1 ate a s 1 ea d fr om gas o 1 i n e add i t i v es ; n i ck e 1 
from brake linings and pavement material; zinc from motor oil and 
tires; chromium from metal plating, rocker arms, crankshafts, 
r i n g s , brake 1 i n i n g s and pavement mater i a 1 ; copper fr om th r u st 
bearing, bushing and brake linings; and cadmium from atmospheric 
fallout (Novotny and Chesters 1981). Novotny and Chesters (1981) 
state that each of these elements should be considered potentially 
hazardous. The persistent nature of heavy metals in the 
environment causes concern for the potential effects due to their 
presence (Wilber and Hunter 1975). Heavy metals will exist in the 
aquatic environment in varying complexes or in the ionic form. 
These forms will change from one species to another as pH or other 
chemical changes occur in the system. As the forms change, 
solubility, movement, reactions, stability and toxicity of the 
metals will change (Harper 1985). 
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The U.S. Environmental Protection Agency conducted a study 
known as the Nationwide Urban Runoff Program (NURP) in response to 
the recognition of water quality effects of nonpoint sources. The 
initiation of this program in 1978 was intended to qualify runoff 
characteristics and evaluate the effectiveness of current 
stormwater management practices. NURP found wet detent i on 
facilities used in stormwater management to be effecti ve i n 
sto r age and attenuation of flow peaks, as we l l as ex hibit overall 
reductions in suspended sol ids and heavy metals, altho ugh heavy 
metals reductions were not usually as high as so l ids reduc t ions. 
The mechanism of suspended sol ids reduction in detenti on 
facilities is sedimentation. The study found qua ntit ies of t he 
pollutants to be variable for different locations aro un d t he 
nation; and in genera 1, urban stormwater runoff concentrations 
exceeded applicable limitations for the State of Florida. Surface 
waters of the State of Florida are classified as Class I I I 
waterways for recreation requiring propagation and mai ntenance of 
a healthy, well-balanced population (Florida Department of St at e 
1986). Applicable general criteria for such waterways, as 
described in the Florida Administrative Code, Chapter 17-3, 1986, 
are listed in Table 1. 
Toxicity to Aquatic Organisms 
Toxic effects of heavy metals to aquatic organisms vary wi th 
water quality characteristics and species as well as individual 
sensitivity (Davies 1986). Bateman (1984) researched the effec t s 
3 
TABLE 1 
CLASS III WATERWAY AND GENERAL (FRESH) SURFACE 









50. µg/ 1 
LIMIT NOT TO EXCEED 
0.8 µg/1*, 1.2 µg/1** 







Transparency Depth of compensation point for 
photosynthetic activity not to be 
reduced by more than 10% as compared 
to the natural background value 
* Hardness less than 150 mg/1 as Caco3 
** Hardness of 150 mg/1 as Caco3 or greater 
SOURCE: Florida Department of State (1986) 
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of various water quality parameters and heavy metals on 
mosqu itofi sh using stormwater runoff from the Orlando, Fl or ida 
vicinity. Results of this study indicate that copper is 
consistently the most toxic to mosquitofish of the heavy metals 
tested (Zn, Cd, Pb, Cu). Due to complexation, reductions in 
toxicity occurred as alkalinity, hardness and organic ligand 
concentrations increased (Bateman 1984). Other water quality 
characteristics known to effect metal toxicity are pH and 
temperature (Davies 1986). Variations in water quality 
characteristics complicate the ability to predict heavy metal 
toxicity to aquatic organisms. 
An understanding of the potential toxic effects caused by the 
components of urban stormwater creates the need for continuous 
improvement of treatment alternatives for this form of pollution. 
Toxic effects not only to aquatic organisms, but also the 
potential of these toxins mixing with drinking water supplies 
increase research concerns. Site specific problem identification 
is necessary due to the variable nature of stormwater. Included 
in the recommended stormwater management strategies are detention 
fa c i l it i es . Spec if i c s of the i r removal cap ab il it i es for ea c h of 
the pollutants is an issue with unanswered questions. The 
continuation of research on specifics of each pollutant in 
locations of concern may provide answers to some of these 




Theoretical Considerations of Sedimentation 
Sedimentation in detention basins can be described as 
discrete particle settling (Class I sedimentation) or flocculent 
particle settling (Class II sedimentation). In Class I settling, 
particles settle as independent units whose settling rate will not 
vary with time. The settling of a particle is a function of 
properties of the fluid and characteristics of the particle (Weber 
1972). Class II settling is dependent on these properties, as 
well as settling depth. 
In Class I settling, acceleration of a particle will occur 
until the drag force equals the impelling force. At this point, 
settling will occur at a constant velocity (Reynolds 1982). A 
theoretical description of particle settling velocity follows, as 
described by Reynolds (1982). 
The drag force, Fd, is described as: 
( 1) 
where: 
Cd= coefficient of drag (a function of the Reynold's Number) 
A = area in cross section at right angle to the velocity 
P = liquid mass density 
Vs= settling velocity 
6 
The impelling force, Fi, is described as: 
where: 
Ps = particle mass density 
g = acceleration due to gravity 
V = volume of particle 
( 2) 
Equating the drag force to the impelling force yields an equation 
describing settling velocity: 
(3) 
In c al c u l at i on of sett l i n g v el o c i t i es , i t i s genera 11 y assumed 
that the particles are spherical in shape. The term in the above 
equation (V/A) can be approximated by the particle diameter as: 
V/A = (2/3)d (4) 
where d = particle diameter. 
7 




where S = specific gravity of the particle. 
As previously stated, the coefficient of drag, Cd, is a 
function of the Reynold's number. Figure 1 illustrates the 
relationship between these two particle characteristics. The 
three conditions of flow indicated by this figure represent 
var i at i on s i n v a 1 u e for drag co e ff i c i en ts . For the 1 am i n a r fl ow 
range (Reynold's Number of 10-4 to 1), Cd for spheres is: 
Cd= 24/N (7) 
where: 
N = Reynold's Number (Vsd/v) 
vs = settling velocity 
d = particle diameter 
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Figure 1. Drag Coefficients Versus Reynold's Number (Reynolds 
1982). 
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For the transition range of flow (Reynold's Number of 1 to 104), 
Cd for spheres is (Reynolds 1982): 
(8) 
For turbulent flow (Reynold's Number greater than 104), Cd for 
spheres is: 
(9) 
For the laminar flow range, substitution for Cd yields Stoke's 
Law: 
Vs= (g/18v)(S-l)d2 ( 10) 
For known particle and fluid characteristics, these equations 
will predict a theoretical settling velocity for particles 
settling by Class I sedimentation. Settling velocities can be 
related to detention basins through overflow rate. The overflow 
rate (volumetric flow rate divided by the basin surface area) will 
be equal to the settling velocity of the smallest particle removed 
with 100% efficiency. 
In Class II sedimentation, or flocculent settling, 
interactions caused as larger particles overtaking smaller 
part i c 1 es i n duce ag g 1 om er at i on . As the part i c 1 es co a 1 es c e with 
10 
one another, their sizes will increase, as will effective settling 
velocities. Increase in settling depth will allow for additional 
particle interaction, as will increased suspended solids, and will 
enhance removal through settling. Class II sedimentation is 
dependent on properties of the fluid and characteristics of the 
particle, as is Class I sedimentation. Class II is also a 
function of settling depth (Weber 1972). 
Evaluation of settling characteristics for a flocculent 
suspension generally requires settling tests using the specific 
mixture (Reynolds 1982). The dependence of characteristics 
specific to each mixture does not allow for general theoretical 
prediction of settling rates for Class II settling. 
In order to characterize the sedimentation properties of a 
stormwater sample, a continuous flow column will resemble the 
nature of a wet detention basin. To account for Class II as well 
as Class I settling, a column of similar depth to the proposed 
settling facility is used. The average depth of nine detention 
basins researched by the U.S. Environmental Protection Agency was 
40.8 inches (104 centimeters) (U.S. Environmental Protection 
Agency 1986) • 
Stormwater Runoff 
Wilber and Hunter (1975) researched the heavy metals (Pb, Zn, 
Cu, Ni, Cr) concentrations resulting from stormwater runoff and 
precipitation in Lodi, New Jersey, and found the values to be, 
although quite variable, of consistently significant levels in the 
11 
stormwater runoff, with much lower 
precipitation. First flush effects were 
quantities in the 
observed in that peak 
concentrations existed within thirty minutes of the beginning of 
runoff. Levels of heavy metals observed in stormwater runoff and 
precipitation are listed in Table 2 as a range of averages for 
seven different storm events and two basins in the urban area of 
Lodi, New Jersey (Wilber and Hunter 1975). Included also are 
results of an eleven month study in Orlando, Florida, of 
flow-weighted highway runoff samples representing a wide range of 
rainfall intensities, durations and antecedent dry periods from 16 
d i ff ere n t r a i n fa 11 events and 1 5 0 i n d i v i du a 1 s amp 1 es ( Yousef et 
al. 1986), as wel 1 as observed concentrations in an urban area of 
Orlando, Florida (Wanielista et al. 1981). 
The variability of concentrations can be due to several 
factors. Wilber and Hunter (1975) state the major factors to be: 
(1) intensity and duration of storm, (2) length of antecedent dry 
period, (3) general effectiveness of waste removal in the streets, 
(4) composition of the storm sewer, and (5) land use. A 
continuing study by Wilber and Hunter (1977) introduces the 
potential of metals reintroduction to a water column through 
bottom sediment scour during increased flow velocities. 
Evaluation of particulates contained in stormwater runoff 
indicate that the largest percent of solids, on a mass basis, are 
coarse grains of sand and gravel (Novotny and Chesters 1981). 
Although the largest mass percentage of particles can be expected 
TABLE 2 
RANGES OF HEAVY METALS IN RUNOFF 
URBAN 
METAL STORMWATER RUNOFF 
(LOOI, NJ)* 
Lead 12 9 0 - 41 7 µg / l 
Zinc 10 9 0 - 177 µg / 1 
Copper 4620 - 61 lJQ/1 
Nickel 150 - 17 lJQ / l 
Chromium 44 - 15 µg/ 1 
Iron 
Cadmium 
* Wilber and Hunter (1975) 
** Wanielista et al. (1986) 
*** Yousef et al. (1986) 
URBAN HIGHWAY 
STORMWATER RUNOFF STORMWATER RUNOFF 
(ORLANDO, FL)** (ORLANDO, FL)*** 
1913 - 278 µg/1 3596 - 11 µg/ 1 
9 4 0 - 3 0 3 µg / l 37 2 - 5 µg/1 
190 - 39 µg/ 1 176 - 6 µg/ 1 
109 - 15 µg/ 1 18 - 0. 5 µg/ 1 
64 - 15 µg/ 1 18 - 0. 5 µg/ 1 
3328 - 795 µg/ 1 2172 - 44 µg/1 
74 - 11 µg/ 1 12 - 0.5 µg/1 
PRECIPITATION 
(LOOI, NJ)* 
44 µg/ 1 
44 µg/ 1 
6. 4 µg/ 1 
3 .0 µg/1 




to be easily removed through sedimentation, the largest number of 
particles in stormwater runoff have been found to be significantly 
smaller, and consequently more difficult to settle out (Randall et 
al. 1982). A reduction in stormwater sol ids can be accomplished 
with a street sweeping program. Removal of 1 itter and dust and 
dirt results from such a program. Street sweeping is ineffective 
for particles with diameters less than 3.2 millimeters (Novotny 
and Chesters 1981). Broom mechanical cleaners have an overall 
efficiency of about 50 percent, and although vacuum sweeper 
efficiency is higher, these are ineffective to silt and clay-size 
sol ids as well (Novotny and Chesters 1981). Wilber and Hunter 
(1979) state that the particles most likely to become 
stormwater-transported solids are those of diameters less than 63 
microns. Randall et al. (1982) found 70% of the particulates in a 
column study using stormwater runoff to be less than 25 microns in 
diameter. 
Metal concentrations associated with particulates generally 
increase with a decrease in particle diameter (Wilber and Hunter 
1979). Wilber and Hunter (1979) and Rinella and McKenzie (1982) 
show that the majority of heavy metal pollutants in stormwater are 
associated with particles less than about 62 microns in diameter. 
Table 3 shows the concentrations of heavy metals observed in 
stormwater-transported solids and street sweepings. Due to heavy 











HEAVY METAL CONCENTRATIONS IN STREET SWEEPINGS 
AND STORMWATER-TRANSPORTED SOLIDS 
PORTLAND, OREGON* LODI, NEW JERSEY** RANGE OBSERVED 
STORMWATER- STREET STORMWATER- NATIONWIDE IN TRANSPORTED SWEEPINGS TRANSPORTED TEN CITIES *** SOLIDS < 63 µm < 1000 µm STREET SWEEPINGS TOTAL < 62 1-1m lOlAL 
1210 mg/1 1090 mg/1 -- -- --
< 1 µg/1 < 1 µg/1 -- -- 0-25 mg/kg 
255 µg/1 270 µg/1 2,580 mg/kg 1,210 mg/kg 110-1,100 mg/kg 
35 µg/1 40 µg/1 3,170 mg/kg 325 mg/kg 25-810 mg/kg 
-- -- 128,000 mg/kg 28,400 mg/kg 1,400-72,000 mg/kg 
145 µg/1 150 wg/1 2,820 mg/kg 3,990 mg/kg 0-10 ,000 mg/ kg 
16 ug/1 22 µg/1 9,840 mg/kg 57 mg/kg 0-170 mg/kg 
29 µg/ 1 29 µg/1 1,450 mg/kg 58 mg/kg 24-760 mg/kg 
* Concentration contained in stormwater (Rinella and McKenzie 1982) 
** Concentration as milligrams of metal per kilogram of dried particles 
(Wilber and Hunter 1979) 




reductions in suspended solids do not necessarily indicate 
equivalent heavy metal reductions. 
Detention Basins 
Detention basins are used in stormwater management as a means 
of attenuating flow rates for flood control and more recently to 
reduce pollutant loads. Mechanisms for pollutant reduction in 
detention basins include naturally occurring biological 
assimilation of nutrients, sedimentation of particulates, and 
chemical transformations of soluble components resulting in 
precipitation of pollutants (U.S. Environmental Protection Agency 
1983). Significant percentages of heavy metals may adsorb onto 
suspended sol ids, so that reductions in these metal concentrations 
may result as reduct ions in suspended sol ids occur. Settling 
tests were conducted by Whipple and Hunter (1981) to determine the 
correlation of suspended solids settleability to specific 
pollutant settleability. Lead, copper, zinc and nickel were the 
heavy metals tested in this study. Each of the metals exhibited 
reductions in concentration through sedimentation, but to a lesser 
extent than the reduct ions observed for suspended so 1 ids. This 
research team found variable settleability for different 
pollutants and site specific variability as well. Average 
reductions observed after 32 hours of quiescent settling were 68% 
for total suspended solids, 65% for lead, 42% for copper, 30% for 
nickel, and 30% for zinc (Whipple and Hunter 1981). 
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Column studies using stormwater runoff in the Northern 
Virginia area were conducted by Randall et al. (1982). 
Concentrations of suspended solids and six heavy metals were 
monitored for 48 hours of quiescent settling. Of the heavy metals 
monitored, only lead and zinc were contained in significant 
quantities to evaluate reductions. This research team observed 
urban runoff contained particulates to settle with a combination 
of Class II as well as Class I settling characteristics, although 
many of the v er y f i n e part i c 1 e s rem a i n i n s us pens i on fo 11 ow i n g 
prolonged settling time. These fines may not agglomerate and 
settle without the use of coagulating chemicals (Randall et al. 
1982). These fine particles, of particular interest due to their 
high affinity for heavy metal adsorption, may cause high 
concentrations of po 11 utant s to remain in suspension. Po 11 utant 
removal results from this study exceeded the percentages observed 
by Whipple and Hunter (1981), although followed similar trends. 
Input concentrations of solids and pollutants were not specified 
in the results of Whipple and Hunter (1981). The column tests 
conducted by Randall et al. (1982) varied in initial total 
suspended solids concentrations with a range of 15-721 mg/1. In 
general, heavy metal concentrations increased with increasing 
initial suspended solids. Observed reductions in pollutants were 
higher for increasing initial suspended solids conditions as well. 
It i s con c 1 u d ed by Gr i z z a rd et al • ( 19 86 ) that poor removal s of 
heavy metal pollutants is most likely related to low available 
17 
surface area due to low solids concentrations. Observed removals 
for column studies following 6 and 48 hours of quiescent settling 
conducted by Randall and his research team are listed in Table 4. 
Continuation of the column study by Randall et al. (1982) 
was carried out by Grizzard et al. (1986) and included a 
full-scale detention pond evaluation. The inflow to the detention 
pond closely compared to the low to median influent suspended 
so l i d s con cent rat i on of th e col um n t e st s . In th i s study , the 
i n fl u en t suspended sol id s d at a w a s u t i l i zed to de term i n e 
particulate surface area through particle size distribution 
analyses. This relationship shows the increased surface area with 
increased suspended solids, as well as an increase of surface area 
accompanying finer particulates. Most of the surface area of the 
solids content was found to be associated with particles of sizes 
less than 60 microns (Grizzard et al. 1986). Removals in the 
prototype detention pond averaged 60% reduction in suspended 
solids and zinc, and 80% reduction in lead. Detention time of the 
prototype pond was six hours, correlating suspended solids 
reductions to the column study results. The increased reductions 
of zinc and lead are most likely due to their low concentrations 
in the prototype detention pond, accompanied by a suspended solids _ 
concentration with adequate surface area for metal adsorption and 




COLUMN STUDY RESULTS 
REDUCTION RANGE 
PARAMETER AVERAGE REDUCTION AVERAGE REDUCTION FOR LOW TO HIGH ( 6 HOUR) ( 48 HOUR) INITIAL TSS* 
(48 HOUR) 
Solids 70% 90% 80-98% 
Zinc 42% 44% 12-72% 
Lead 76% 86% 78-94% 
* Data for lead available only for medium to high TSS (Randall 
et a 1 . 1982) 
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A full-scale detention pond effectiveness study conducted in 
Orlando, Florida, by Yousef et al. (1986) found the facility to be 
very effective in removal of heavy metal inputs from highway 
runoff. This high removal is attributed to the extended detention 
time of this pond, since it is large relative to the drainage 
area. Heavy metals investigated in this study include lead, zinc, 
copper, nickel, chromium, cadmium and iron. Particulate species 
of heavy metals were reduced by 75 to 95%, with most of the 
settlement to occur within a distance of 60 to 90 meters from the 
stormwater inlet. Recorrrnendations by this research team include 
stormwater management facility design with intentions to maximize 
heavy metal reduction by physical configuration of basins to 
produce a grad u a 1 fl ow v e 1 o c it y reduct i on wh i ch a i d s i n part i c 1 e 
sedimentation, facility depth of 47 to 71 inches (120 to 180 
centimeters) in order to maintain aerobic conditions, and 10 to 15 
year routine maintenance to clean out accumulated sediment (Yousef 
et a 1 . 1986) . 
Driscoll (1982) sunvnarizes the EPA NURP results stating the 
use of design parameters for detention basins based on particle 
size distributions representing mean settling velocities of 
roughly 0.5 to 20 feet per hour (90 to 3600 gallons per day per 
square foot). In a 1986 EPA publication, a particle distribution 
based on settling velocities indicates that a settling velocity 
v a 1 ue of 1 ess than 1. 5 feet per hour would correspond to 50% or 
20 
less of the particle mass in stormwater. The entire mass 
distribution and associated settling velocities are reported in 
Table 5. 
The implementation of this guideline (overflow rates of 90 to 
3600 gallons per day per square foot) theoretically allows 
approximately 50% of the particles, the finer fractions, to pass 
through the system. Variability to this will occur due to the 
v a r i ab 1 e n at u re of st o rm water runoff . To il 1 us tr ate the 
variability, NURP found three different detention facilities to 
exhibit solids removals of 87%, 77.3% and 37.8%, with no 
explainable reason for the differences (Randall 1982). Since the 
finer fraction of sol ids is associated with most of the heavy 
metal pollutant load in stormwater, the fraction of solids not 
removed in the detention basin is likely to have a high heavy 
metal content. 
Surm,ary 
Randall (1982) states that detention basin design should be 
based on a critical pollutant and its specific settling 
characteristics. The critical pollutant is site specific and must 
be determined through column settling analyses for general areas. 
Yousef et al. (1986) indicate that facilities intended for heavy 
metal reductions require characteristics specific to this 
function. At present, much of the detention basin design is based 
upon generalizations not necessarily appropriate to all 
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TABLE 5 
PARTICLE DISTRIBUTION OF URBAN STORMWATER 
PERCENT MASS AND SETTLING VELOCITY 
PERCENT OF PARTICLE MASS AVERAGE SETTLING OVERFLOW RATE 
IN URBAN RUNOFF VELOCITY (gpd/sq. ft.) (ft/hr) 
0 - 20% 0.03 5.40 
20 - 40% 0.3 54.0 
40 - 60% 1.5 269. 
60 - 80% 7. 1,257. 
80 - 100% 65. 11,669. 
SOURCE: U.S. Environmental Protection Agency (1986) 
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conditions. Experimentation involving analyses of several 
parameters, such as total suspended solids and heavy metals, may 
define correlations for specific pollutant reductions for 
individual areas, as well as identification of critical pollutants 
and specific settling characteristics. Critical pollutants may be 
accanpanied by critical overflow rates that correspond to a 
maximum reduction of the specific pollutant. It is evident that 
the reduction of pollutants in a sedimentation basin is affected 
by many variables, such as suspended solids concentration. An 
increase in initial suspended sol ids appears to increase heavy 
metal reductions, although desire of increased suspended solids is 
not a solution. Sediment build-up in excessive quantities would 
fi 11 detention basins and reduce their effectiveness, increasing 
maintenance to a point of economic infeasibility. The need for a 
continuous flow system for critical pollutant evaluation is 
necessary to indicate the flow effects to pollutant settleability 
and effects to part i c 1 es of very sma 11 diameters. These 
particles, known to have increased adsorptive capacities to heavy 
metals, may have such reduced settling velocities, that they are 
easily carried through a continuous flow system. This may occur, 
even if these particles would tend to settle discretely or through 
agglomeration in a quiescent environment. Increased knowledge of 
the specifics to heavy metal reductions in stormwater management 
facilities will aid in solving some of the treatment problems. 
CHAPTER I II 
RESEARCH OBJECTIVES 
The objective of this research is to characterize heavy metal 
reduction in stormwater management facilities using a continuous 
fl ow col um n study to i n vest i g ate effects of var i ab l e over fl ow 
rates on reduct ions of total suspended sol ids and heavy metals 
(cadmium, zinc, copper, iron, lead, nickel and chromium) from 
stormwater samples. The samples utilized for the column study are 
stormwater derived samples, spiked with street sweepings of known 
particle size distribution. The sample spike contains only 
particles with diameters less than 500 microns, and the greatest 
percentage of the spike is represented by particles less than 125 
microns in diameter. The mechanism considered to be most 
significant in reductions of the total suspended solids and heavy 
metals is sedimentation. The column depth is comparable to 
typical detention facilities in order to simulate effects of Class 
II as well as Class I sedimentation. Through characterization of 
total suspended solids and heavy metal reductions by 
sedimentation, guidelines for specific reductions may be 
established for design of stormwater management facilities. Some 
of the factors which may prove relevant include: 
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1. Variations in observed reductions of a continuous flow 
system when compared to predicted reductions determined by 
theoretical consideration. 
2. Correlations to reductions from one parameter to another, 
particularly with suspended solids. 
3. Establishment of predictable levels of reduction for 
critical pollutants under certain conditions. 
4. Limitations on reductions through sedimentation may be 
cause for more sophisticated design if desired levels are to be 
met. 
The variable nature of stormwater runoff from one location to 
another may limit universal design priorities. Research for 
specific areas is required to identify 1 oca 1 er it i ca 1 treatment 
objectives. Oeve 1 opnent of information on each of the factors 
1 i sted above may off er insight to treatment of urban stormwater 
pollution with the surety that is critical when health and the 
environment is of concern. 
CHAPTER IV 
METHODS AND MATERIALS 
Samples for the column studies were collected as runoff, when 
available, or runoff originated lake water from Lake Como, 
Orlando, Florida. Forty to sixty liters of sample were collected 
in twenty-liter, acid-washed, nalgene containers for each column 
study. Solids addition to samples as described below were made 12 
hours prior to initiation of the column study. Five separate 
sample events were evaluated. 
Street sweepings were collected from the City of Orlando 
street sweepers. Samples were dried at 100° C for a minimum of 
one hour. Particle size separation was carried out with the use 
of a Ro-tap Testing Sieve Shaker using U.S. Standard Testing 
Sieves as listed in Table 6. 
Additions to water samples of the four finest grain size 
categories were made. Additions were 50-250 mg/l of less than 45 
micron particles, 50-250 mg/l of 45-125 micron particles, 25-100 
mg/1 of 125-250 micron particles, and 20-50 mg/l of 250-500 micron 
particles. Characterization of the street sweepings by particle 
size distribution, as well as metals distribution with respect to 




U.S. STANDARD TESTING SIEVES 
SIEVE NUMBER OPENING EQUIVALENT MESH SIZE 
10 2.0 mm 9 
18 1.0 mm 16 
35 500 microns 32 
60 250 microns 60 
120 125 microns 115 
325 45 microns 325 
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Column studies were conducted using a plexiglass column, 4 
inches (10.2 centimeters) in diameter with a water depth of 42 
inches (107 centimeters). Influent sample was mixed in a 6 inch 
(15.2 centimeters) diameter column, 16 inches (40.6 centimeters) 
in depth. Mixing was attained by aeration through a circular 
diffuser at the bottom of the reservoir, and with a stir plate and 
magnetic stir bar. The sample was pumped with a Manostat 
ministaltic pump, for low flow rates, or a Cole Parmer peristaltic 
pump, for high flow rates. Each pump contained the complete flow 
in polyethylene or tygon tubing, with no contact to metal parts. 
The sample was not subjected to contact with metal in any steps of 
the procedure. Sample pumped from the reservoir through tygon 
tubing, 1/4 inch (0.64 centimeter) I.D., entered the column 
through a port at the base. Flow was maintained in an upflow 
direction to a water level of 42 inches. Effluent flow through a 
pvc valve was captured in nalgene graduated cylinders for timed 
fl ow rate determinations. Figure 2 i 11 ustrates the experimental 
apparatus. Once steady state was achieved for each flow rate, 
samples were collected at this effluent point for suspended solids 
and metals (Cd, Zn, Cu, Fe, Pb, Ni, Cr) determination. Other 
parameters monitored for each sample event were temperature and 
pH. 
Suspended sol ids analyses fol lowed Standard Methods, 16th 
ed. procedure. Samples were filtered through 4.25 cm diameter 
glass fiber, grade III, filters using a plastic millipore vacuum 
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filter apparatus. Filters were rinsed with 1% nitric acid 
solution followed by three rinses with deionized, distilled water, 
dried and stored in a desiccator prior to sample filtration. The 
filter apparatus was rinsed with 1% nitric acid solution followed 
by three rinsings with deionized, distilled water between samples. 
Four replicates for suspended solids were performed on each 
sample. The sample volume for each replicate was 250 milliliters. 
Filtration was carried out immediately upon sampling, or following 
storage in one-liter nalgene containers at 4° C. Storage time was 
consistent for samples to be correlated to one another. 
The fraction of metal considered to be unsettleable was 
determined in a quiescent column after being allowed to settle for 
53 hours. Three separate settlement columns were analyzed. The 
sample used for these settling tests was that used in experiment 
5, the final experiment of the continuous flow analyses. Samples 
were syphoned from the column surface, followed by similar 
treatment and metals analyses as other samples. 
Metals analyses were carried out with a Beckman Spectra-Span 
Direct Coupled Plasma Spectrometer. Nitric acid digestion 
following Standard Methods, 16th ed. was carried out on each 
sample prior to metals analysis. Samples were concentrated from 
100 milliliters to 20-30 milliliters upon digestion. Samples were 
collected for metals analyses in acid rinsed 250 milliliter 
nalgene bottles, with 1 milliliter of nitric acid added to each at 
the time of sample collection. Nitric acid used in digestion and 
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sample acidification was specified for trace-metal analysis. 
Triplicate blank (deionized, distilled water) samples were carried 
through the digestion and analysis. 
The spectrometer was calibrated using a 1000 parts per 
billion solution of the metals as the high concentration and a 
blank (deionized, distilled water) as the low concentration. 
Samples were analyzed for three readings integrated over 30 
seconds, three consecutive times. Standards were analyzed after 
every six samples to adjust for drift in the operation of the 
machine. Periodic checks for the linearity of results were 
carried out. 
CHAPTER V 
RESULTS AND DISCUSSION 
Particle Size Distribution 
Analysis of Street Sweepings 
A particle size distribution was developed for two separate 
samples of street sweepings collected from a City of Orlando, 
Florida, street sweeper. The sweepings were dried at 100° C for 
one hour and then passed through a series of sieves. The sieves 
categorized the sweepings as particles with diameters greater than 
2 millimeters, 1999 to 1000 microns, 999 to 500 microns, 499 to 
250 microns, 249 to 125 microns, 124 to 45 microns, and less than 
45 microns. Table 7 surrmarizes the weight distribution of the 
particle size ranges in the two samples combined. The 
particles exceeding 500 microns included some leaves and grass 
that was contained in the street sweepings, increasing the mass of 
the larger size ranges. Even with this bias, the greatest mass 
percentage is represented by the fraction of particles less than 
500 microns. In Table 8, the distribution on a percentage basis 
is developed for particles less than 500 microns in diameter from 
the street sweeping samples. Street sweeping is known to remove 
larger particles as finer particles remain on the street surface. 
I t c an be a s s um ed that the fr act i on s of f i n er part i c 1 es i n a 




PARTICLE SIZE DISTRIBUTION OF STREET SWEEPINGS - MASSES 
(ORLANDO, FLORIDA) 
PARTICLE SIZE RANGE MASS 
(microns) (grams) 
1999 to 1000 800.6 
999 to 500 3708. 
499 to 250 6266. 
249 to 125 257 2. 
125 to 45 313.8 
less than 45 51.94 
TABLE 8 




















stormwater-transported sol ids. The fraction of finer particles 
(less than 45 microns) would be expected to be higher in 
stormwater. In Chapter II, Wilber and Hunter (1979) and Rinella 
and McKenzie (1982) are referenced to state that there is an 
increase of heavy metal association to particles of decreasing 
diameters. The theory of sedimentation shows that particles of 
increased diameter will likely settle rapidly. Due to these 
factors, particles used as a spike in this column study included 
only particles with diameters less than 500 microns. 
Heavy Metal Content of Street Sweepings 
Individual samples of deionized, distilled water were spiked 
with particles of each size range of the street sweepings. 
Particle addition was 500 milligrams of the specific particle size 
range per liter of water. These samples, and a blank, were 
analyzed for heavy metal content of each particle size range 
following nitric acid digestion. Table 9 lists the concentrations 
of cadmium, zinc, copper, iron, lead, nickel and chromium 
associated with the specific particle size ranges in the analyzed 
street sweeping particles as milligrams of heavy metal per 
kilogram of the fraction of dried street sweepings less than 500 
microns in diameter. Table 10 lists the same heavy metals as the 
percent of total concentration associated with each particle size 
range (fraction less than 500 microns in diameter). Sample 
calculations for Tables 9 and 10 appear in Appendix A. The low 









METAL CONCENTRATIONS IN STREET SWEEPING SOLIDS 
LESS THAN 500 MICRONS IN DIAMETER 
CONCENTRATION AS mg METAL ASSOCIATED 
PARTICLE SIZE WITH GIVEN SIZE RANGE PER kg 
RANGE STREET SWEEPINGS LESS THAN 500 MICRONS 
Cd Zn Cu Fe Pb Ni 
499 - 250 microns 6.06 45.51 6.53 554.7 64.39 6.05 
249 - 125 microns 3.42 18.27 1.08 436.6 23.32 1.28 
124 - 45 microns 0.46 5.40 2.07 128.0 15.08 0.39 
Less than 45 microns 0 .11 2.86 0.92 28. 76 5.26 0.21 









PARTICLE SIZE RANGE 
499 to 250 microns 
249 to 125 microns 
124 to 45 microns 
< 45 microns 
TABLE 10 
METAL CONCENTRATION PERCENTAGE ASSOCIATED WITH 
PARTICLE SIZE RANGE IN STREET SWEEPINGS 
MASS PERCENT PERCENT OF TOTAL ASSOCIATED WITH TOTAL 
OF STREET PARTICLES LESS THAN 500 MICRONS 
SWEEPINGS 
Cd Zn Cu Fe Pb Ni Cr 
65.4 60.3 63.2 61.6 48.3 59.6 76.3 70.9 
30.6 34.0 25.4 10.2 38.0 21.6 16.1 19.4 
3.4 4.6 7.5 19.5 11.1 14.0 4.9 6.5 




microns in diameter is due to the low mass percent of this size 
range found in street sweepings. The process of street sweeping, 
as referenced in Chapter II by Novotny and Chesters (1981), is 
specific to larger particles. Solids most likely to be 
stormwater-transported are the very fine particles (less than 63 
microns, as referenced by Wilber and Hunter in 1979). It is these 
fine particles that have increased surface area, as wel 1 as a 
higher affinity for heavy metals. The information in Tables 9 and 
10 represents a particle size distribution of street sweepings, 
and is not necessarily descriptive of a particle size distribution 
and heavy metal association to particles in stormwater runoff. 
Column Studies 
Experiment Identification 
Column studies were conducted using five separate stormwater 
derived samples. Runoff could not be obtained at all times due to 
the dry period experienced by the area. Samples were collected 
from a detention pond and were called stormwater derived samples. 
The column studies involved varying flow rates into the base of 
the column, creating an upward flow direction, and controlling the 
overflow rate. Samples were collected at the influent and 
effluent of the column for overflow rates ranging from 23 gallons 
per day per square foot to 3600 gallons per day per square foot. 
Samples were analyzed for total suspended solids and heavy metals 
(Cd, Zn, Cu, Fe, Pb, Ni, Cr) to determine removal of these 
parameters by the column. Table 11 lists the separate experiments 
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TABLE 11 
COLUMN STUDY EXPERIMENTS 
EXPERIMENT DATE OVERFLOW RATES MEASURED TEMPbRATURE pH (gpd/sq. ft.) ( C) 
1 8/13/87 90, 150 22 6.5 
2 8/27/87 78, 131, 218, 480 22 7.5 
3 9/10/87 23, 113, 305, 959 22 7.0 
4 9/24/87 23, 38, 90, 254, 980, 22 6.7 
1000, 2568 
5 10/7 /87 75, 1062, 1525, 1765, 19 7.0 
2566, 3600 
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and spec i f i c me a s u rem en ts that were car r i e d out . Tab l e 12 l i st s 
column detention times correlating to the overflow rates used in a 
column with a depth of 3.5 feet. 
The initial column study utilized the detention pond sample 
as collected. Low suspended sol ids and low heavy metal 
concentrations of this initial experiment indicated the necessity 
to spike samples for future experimentation. The sample for 
experiment 2 was spiked with a slurry of detention pond sediment 
and pond water. Predictions of particle characteristics were not 
defined with this method of sediment addition. Review of the data 
suggests that results from experiments 1 and 2 do not correlate 
well with final experiments, which were spiked with street 
sweepings. Results from these two experiments are included in 
Appendix A, although excluded from model development and analysis. 
In experiments 3, 4 and 5, previously dried street sweepings, 
categorized into particle size ranges, were used to spike the 
stormwater samples. Only particles less than 500 microns in 
diameter were used as the spike additions. Street sweeping 
additions were made to increase the initial suspended solids 
concentration by 125 mg/1 for experiment 3 and by 570 mg/1 for 
experiments 4 and 5. The majority of stormwater-transported 
so l id s are cons i de red to be of d i am et er s l e s s than 6 3 mi c r on s . 
Therefore street sweeping additions were biased toward particles 
with diameters less than 125 microns, with 80 to 88 percent of the 
added solids contained in this range. Table 13 shows the particle 
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TABLE 12 
COLUMN STUDY EFFECTIVE DETENTION TIMES AND OVERFLOW 
RATES BASED ON SEDIMENTATION OF DISCRETE PARTICLES 
OVERFLOW RATE DETENTION TIME 
( g pd / sq • ft) (ft/hr) (hours) 
23 0.128 27. 3 
38 0.212 16.5 
75 0.418 8.38 
78 0.434 8.06 
90 0.501 6.98 
113 0.629 5.56 
131 0.730 4.80 
150 0.836 4.19 
218 1.21 2.88 
254 1.42 2.47 
305 1. 70 2.06 
480 2.67 1.31 
959 5.34 0.655 
980 5.46 0.641 
1000 5.57 0.628 
1062 5.92 0.592 
1525 8.50 0.412 
1765 9.83 0.356 
2566 14.3 0.245 
2568 14.3 0.245 
3600 20.1 0 .175 
EXPERIMENT 
3 
4 & 5 
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TABLE 13 
SEDIMENT SPIKES - EXPERIMENTS 3, 4 AND 5 
PARTICLE SIZE DISTRIBUTION 
499 TO 250 249 TO 125 124 TO 45 LESS THAN 45 
MICRONS MICRONS MICRONS MICRONS 
none 25 mg/1 50 mg/1 50 mg/1 





size distribution added to each of the samples. Figure 3 
illustrates the percentage distribution of particles in each 
sample. The spike of experiment 3 (125 mg/1) was added to a 
s amp 1 e w i th some so 1 i d s cont a i n e d . l here fore , the i n it i a 1 t o ta 1 
suspended solids for this experiment is actually 148 mg/1. 
Experiments 4 and 5, with spikes of 570 mg/1 of solids, were 
always measured to have total suspended sol ids less than this 
value, as some of the solids settled inmediately in the reservoir. 
The actual observed concentrations of total suspended solids were 
used in data analysis. 
Calculated Metal Distribution of Spikes 
Analysis of heavy metal content of the street sweepings 
allows calculation of heavy metal content associated with the 
part i c 1 e s i z e range s of the s e d i men t s p i k es used i n the co 1 um n 
studies. Table 14 lists the estimated metal content percentages 
of the spikes used in experiments 3, 4 and 5, based on metal 
content reported previously in Table 9. Sample calculations 
appear in Appendix A. Figures 4 and 5 illustrate the calculated 
percentage distribution for heavy metals and particle size ranges 
in the sediment spikes of experiments 3, 4 and 5. The increase in 
percentage of total heavy metal association to the finer particle 
size range is a result of the increase in mass percent of this 
size range. The mixtures used for experiments 3, 4 and 5 
contained mostly particles from the finest size ranges. It is 


































Particle Size Range 
Legend 
1 = less than 45 microns 
2 = 124 to 45 microns 
3 = 249 to 125 microns 
4 = 499 to 240 microns 
Figure 3. Sediment Spikes - Experiments 3, 4 and 5 Percentage 
Particle Size Distribution. 
TABLE 14 
CALCULATED METAL FRACTIONS (PERCENT) ASSOCIATED WITH PARTICLE 
SIZE RANGES IN SEDIMENT SPIKES USED DURING COLUMN STUDIES 
PARTICLE SIZE Cd Zn Cu Fe Pb Ni RANGE 
Ex~eriment 3 
249 - 125 µm 15.0 4.46 0.8 7.7 2.8 4. 3 
124 - 45 µm 36.3 23.6 28.0 40.3 32.4 23.3 
less than 45 µm 48.6 71.9 71.2 52.0 64.9 72.3 
Experiments 4 & 5 
499 - 250 µm 2.1 0.8 0.4 0.8 0.7 1.5 
249 - 125 µm 6.5 1.8 0.3 3.2 1.4 1.8 
124 - 45 µm 39.1 24.1 28.0 41.9 16.3 23.6 















































123 123 12 123 123 123 123 
CD CR cu FE NI 
Legend 
1 = less than 45 microns 
2 = 124 to 45 microns 
3 = 249 to 125 microns 
PB ZN METALS 
Figure 4. Experiment 3 Calculated Percentage of Metal Associated 
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CR cu NI 
Legend 
1 = less than 45 microns 
2 = 124 to 45 microns 
3 = 249 to 125 microns 
4 = 499 to 250 microns 
PB ZN 
Figure 5. Experiments 4 and 5 Calculated Percentage of Metal 




mass of finer particles than street sweeping solids, 
d if fer en t i at i n g between the d i st r i but i on s shown i n Tab l e s 9 and 
14. 
Theoretical Metal Reductions in Study Column 
Application of Stoke's Law (Equation 10) predicts a settling 
velocity for particles of known characteristics to settle as 
discrete particles. Assuming particles spherical in shape, with a 
specific gravity of 2.5 and at a temperature of 22° C, the 
overflow rate corresponding to the predicted settling velocity for 
a 45 micron particle is 3643 gallons per day per square foot. 
This indicates that 100% reduction through sedimentation of all 
particles with diameters of 45 microns or greater is theoretically 
predicted. Particles smaller than this and heavy metal pollutants 
a s soc i ate d to the s e part i c l e s , a s we 11 as any d i s so 1 v e d 
components, are therefore predicted not to be removed in the 
system at this overflow rate. Table 15 lists the minimum 
predicted removals for heavy metals of experiments 3, 4 and 5 at 
the ·maximum overflow rate tested. Sample calculations for Table 
15 appear in Append ix A. Maximum predicted removals correlate 
with the settleable fraction of specific pollutants. Settleability 
is not expected to be 100%, as a fraction of the heavy metals is 
expected to remain in solution. 
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TABLE 15 
CALCULATED HEAVY METAL REMOVALS BASED ON 
SETTLING OF SUSPENDED SOLIDS GREATER 
THAN 45 MICRONS IN DIAMETER 
EXPERIMENTS 3, 4 AND 5 
MAXIMUM OVERFLOW RATE 
(3600 ~pd/sq. ft.) 
PARAMETER 
EXPERIMENT 3 EXPERIMENTS 4 AND 
Cadmium 51.3% 47.7% 
Zinc 28.1% 26.8% 
Copper 28.8% 28.7% 
Iron 48.0% 45.9% 
Lead 35.2% 18.4% 
Nickel 27.6% 26.9% 
Chromium 29.3% 28.4% 
5 
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Settleable Fraction Analysis 
Heavy metal content is generally identified as particulate 
and dissolved. The dissolved fraction is defined as that which 
will pass through a filter of pore size 0.45 microns. In 
determination of the dissolved fraction for the samples of this 
research, many inconsistencies were found. Most of the error was 
associated with the membrane filters used and their varying heavy 
metal content. Even following rinsing with acidified distilled 
water, the filters contributed to the heavy meta 1 concentrations 
measured. Nitric acid digestion was carried out on some filters 
and metal analyses verified variable metal concentrations. In 
order to identify a portion of the heavy metal concentration that 
could be expected to settle, a sample was allowed to settle 
quiescently for 53 hours. The sample used for this settling test 
was that used for experiment 5. Table 16 lists the settleable 
fr act i on fr om th i s t e st i n per c en tag es . The ob served reduct i on s 
are high, assumed to be due to the high initial total suspended 
solids (spike of 570 mg/1 as particles less than 500 microns in 
diameter). The effective surface area of the sol ids in this 
sample would present sites for heavy metal adsorption to 
adequately support the observed reductions. 
Experimental Results 
The column studies showed a reduction in each of the 
parameters tested (total suspended solids, cadmium, zinc, copper, 
iron, 1 ead, n i c ke 1 and chromium) • The percent remova 1 decreased 
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TABLE 16 
SETTLEABLE FRACTION OF COLUMN STUDY SAMPLE 
HEAVY METAL # OF SUPERNATANT PERCENT SAMPLES CONCENTRATION SETTLEABLE 
Cadmium 2 5.34 µg/1 96.4 + 0.55 -
Zinc 2 8.21 µg/ 1 94.4 + 1.1 -
Copper 2 10.2 µg/1 90.7 + 1.7 -
Iron 2 60.2 µg/ 1 67.8 + 0.61 -
Lead 2 23.2 µg/1 86.5 + 0.70 -
Nickel 2 3. 68 µg/ 1 97.5 + 0.04 -
Chromium 2 3. 42 µg / 1 97.2 + 0.20 
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as overflow rate increased. Observed results are best illustrated 
with plots of the percent reduct ion of the measured parameters 
v er s u s over fl ow rate . Tot a 1 s us pended so 1 i d s , ca dm i um , z i n c , 
copper, iron, lead, nickel and chromium reduct ions are plotted in 
Figures 6 through 13. 
In some of the column study results, an increase of metal 
concentration was observed from the influent to effluent values. 
These values are deleted from data evaluation as they are not 
believed to be representative. At the maximum flow rate tested 
(3600 gpd/ft 2), some of the values observed indicate an increase 
in concentration from the influent to the effluent (representing a 
neg at i v e rem o v a 1 ) , a lt h o ugh ea c h of the v a 1 u es for i n fl u en t and 
e f fl u en t are near 1 y e q u i v a 1 en t. In s u ch cases , the rem ova 1 was 
defined to be zero. The data listings in Appendix B indicate the 
values that this pertains to. Concentrations of heavy metals 
observed in this research do not necessarily represent levels 
typically present in stormwater runoff. Reductions of all of the 
metals followed a similar trend to total suspended solids 
reduct ions, supporting the predicted phenomenon of adsorption of 
metals onto solids, and subsequent removal through sedimentation. 
Class III Waterway Criteria for the State of Florida are listed in 
Table 1 (Chapter I). In many cases, even at the lowest observed 
overflow rates, the heavy metals cadmium, lead and zinc do not 
meet this criteria. The levels of copper and nickel do not meet 
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Figure 13. Observed Percent Reduction - Chromium. 
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acceptable at the low overflow rates. Experiments 1 and 2 showed 
lower reductions in all of the parameters when compared to 
equivalent overflow rates of experiments 3, 4 and 5. This is most 
likely due to the lowered initial suspended solids and lower 
fraction of particulate metal as compared to total metal 
concentration in experiments 1 and 2. Due to this, during model 
development, results from experiments 1 and 2 are eliminated. 
Results from each of the experimental events are listed in 
Appendix B, and indications occur for any deleted results. 
The street sweeping spikes used in experiments 3, 4 and 5 
were described previously in Table 13. The sample used in 
experiment 3 initially contained some total suspended solids, so 
that the values obtained exceed the spike concentration. The 
experimental results of initial total suspended solids 
concentrations in experiments 4 and 5 are lower than the spike 
additions. This is due to the fact that the sediment was not 
fully suspended in the reservoir, and samples extracted from this 
reservoir are considered to represent the mixture entering the 
co 1 um n . A 11 an a 1 y se s u t il i zed ob served tot a 1 suspended so 1 i d s 
concentrations. 
Table 17 shows maximum and minimum observed reductions for 
each of the tested parameters. One would expect the maximum 
reduction to correlate with the settleable fraction of the 
specific parameter. The settleable fraction analysis (Table 16) 
indicates a correlation for some, but not for all observed maximum 
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TABLE 17 
MAXIMUM AND MINIMUM PERCENT REDUCTIONS 
(OBSERVED VALUES) 
PARAMETER RANGE OF OBSERVED PERCENT REDUCTION 
Total Suspended 99.0% to 17.6% 
Solids 
Cadmium 97.0% to 0.0% 
Zinc 87.0% to 0.0% 
Copper 79.0% to 0.0% 
Iron 92.0% to 0.0% 
Lead 93.6% to 0.0% 
Nickel 69.9% to 0.0% 
Chromium 87.7% to 2.7% 
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reductions of heavy metals. The variations are within about 10% 
for the heavy metals cadmium, zinc, copper, lead and chromium, 
although iron and nickel vary by 25% or more. Observed maximum 
reduction for nickel was less than the settleable fraction 
analysis indicated; the observed value for iron was greater than 
its settleable fraction. The sample (column study experiment 5) 
used for the settleable fraction analysis had an initial total 
suspended sol ids concentration of 262 mg/1. This value exceeds 
the sol ids concentration of some of the continuous flow column 
studies, especially those represented by the lowest overflow rates 
( i . e . , tho s e ex h i b it i n g the max i mum reduct i on s ) . In the c a se of 
the variation in the nickel values, the settleable fraction 
analysis indicates an increased percent reduction when compared to 
the column study maximum observed value for reduction. This may 
be due to the increased suspended solids concentration and 
therefore increased particulate fraction of nickel in the sample 
utilized in the settleable fraction analysis, allowing for 
increased settleability. The discrepancy in the iron 
settleability may be due to the low concentration of iron present 
exclusively in the sample used for the settleable fraction 
analysis (column study experiment 5). The initial iron 
concentration for this analysis was only half, and in some cases 
one-tenth of the iron concentration of the other column studies. 
It is possible that this low iron concentration reduces the 
settleable percentage due to a greater percentage of iron 
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remaining in solution. Minimum observed reductions are less than 
the pre d i ct e d v al u e s 1 i st ed i n Tab l e 13 . Although extremes to 
this degree are not expected to occur within an area, this 
demonstrates the need for testing a specific mixture when design 
is expected to meet desired specifications. 
Statistical Modeling 
Analyses of the data utilizes developnent of a mathematical 
model which describes the relationship between the two variables, 
namely, percent reduction and overflow rate. The relationship is 
de term i n e d as over fl ow rate ; the i n dependent v a r i ab l e i s 
experimentally varied in order to identify a dependent effect on 
percent reduction, the dependent var i ab 1 e. Separate mode 1 
developnent was pursued for total suspended solids and each of the 
heavy met a l s ( Cd , Zn , Cu , Fe , Pb , N i , Cr ) . Ev a 1 u at i on of 
suspended solids effects on heavy metal reductions was also 
de term i n e d us i n g stat i st i ca 1 method s a s des c r i bed be 1 ow . 0th er 
variables which are known to influence suspended solids and heavy 
metal removals were controlled at constant values during the 
experiments and are therefore omitted from model developnent. 
These factors include temperature, pH and column depth. 
Validity of the appropriate model is determined by the 
statistical methods of the principle of conditional error and 
analysis of variance. Application of this test compares the 
residua 1 sum of squares produced by the different mode 1 s. The 
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residual sum of squares (RSS), the deviation between the dependent 
variable observed and predicted values, is represented as follows: 
RSS = I(yi - y) 2 ( 11) 
where yi is observed percent reduction and y is the predicted mean 
for each yi (Neter and Wasserman 1974). The residual sum of 
squares is attributable to lack of fit (characteristic to 
limitations of the specific mathematical model) and experimental 
error (variations not associated with the independent variable, 
such as sampling error). Estimation of experimental error is 
possible through replication of experiments. Model parameters are 
estimated by a least squares technique, where estimation minimizes 
the residual sum of squares. The utilization of analysis of 
variance discriminates between candidate models and confirms which 
model more accurately represents observed results by determination 
of s i g n i f i can c e of add i t i on a l parameter i n c l us i on . An a l y s i s of 
variance (ANOVA) involves consideration of two models, one with 
additional parameter(s) for estimation. An example of two models 
compared by the principle of conditional error follows: 
Model I : y = a + bx 




where x and y are independent and dependent variables, 
respectively, and a, band care parameters to be estimated. The 
analysis of variance tests the hypothesis that the additional 
parameter in Model II (i.e., c) is equal to zero, in which case 
inclusion of the additional term (cx2) does not improve the model 
ace uracy. In order to perform ANO VA, the fo 11 owing ca 1 cu 1 at i ans 
are necessary. The hypothesis sum of squares (HSS) is the 
difference between the residual sum of squares of the two models. 
The hypothesis degrees of freedom (HOF) is the difference between 
the number of parameter estimates of the two models. The 
hypothesis mean square (HMS) is the HSS divided by the HOF. The 
degrees of freedom of Model II (OF2) is the number of experimental 
ob s e r v at i on s of Mode 1 I I m i n us the number of parameters to be 
estimated in Mode 1 I I. The error mean square (EMS) is the RSS of 
Model II divided by OF2. The F value is then calculated as the 
ratio of variances (HMS/EMS) and compared to the tabulated F value 
for a desired level of confidence. A greater calculated F value 
indicates that the hypothesis mean square is significantly greater 
than the error mean square and the hypothesis is rejected. This 
indicates that inclusion of parameter(s) improves the model. Model 
analyses for reduction of total suspended solids and each of the . 
heavy meta 1 s inc 1 ude a non 1 i near, reparameter i zed parabo 1 a over 
the range of all data points and a nonlinear, reparameterized 
parabola for each set of experimental data points. These sets are 
the separate experiments 3, 4 and 5, each with different influent 
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suspended solids concentrations. The general model utilized is 
shown in equation 14 
Reduced Fraction= a+ b(ORA - c) 2 ( 14) 
where ORA is overflow rate in gallons per day per square foot, and 
a, band care parameters to be estimated. 
Parameter estimates for models to be compared for the most 
accurate description of total suspended solids reductions are 
listed in Table 18. The analysis of variance for total suspended 
sol ids is also shown in Table 18 to illustrate the technique. 
This analysis tests the use of one curve representing all 
experimental values, versus curves specific to each experiment to 
describe total suspended solids reduction. 
Analysis of variance in Table 18 supports rejection of the 
stated hypothesis, and the data is best described by a curve for 
each set of experimental points, as opposed to a single curve. 
Figure 14 illustrates, and visual inspection of the models show, 
that curves for experiments 4 and 5 are nearly equivalent. ANOVA 
for the hypothesis that two curves describe the data better than 
three curves indicates that this hypothesis should be accepted 
(Appendix B). Total suspended solids reduction is best described 
by a curve for experiment 3 and one for experiments 4 and 5. 
The models used to describe total suspended solids reduction 
are limited to the mixture, specific experimental conditions, and 
TABLE 18 
PARAMETER ESTIMATES AND ANOVA - TOTAL SUSPENDED SOLIDS 
EXPERIMENT I STEADY-STATE MODEL RESIDUAL NUMBER SUM OF SQUARES 
3, 4, & 5 I Reduced Fraction = 0.917 - 3.97(10)-8 (ORA+ 561) 2 0.158110 
3 I Reduced Fraction= 1.10 - 8.4(10)-8 (ORA+ 1654) 2 I 0. 000718 
4 I Reduced Fraction= 0.976 - 4.11(10)-8 (ORA+ 683) 2 I 0.010352 
5 I 
-8 2 0.014779 Reduced Fraction= 0.954 - 5.28(10) (ORA+ 1893) -
3 + 4 + 5 I I: 0. 025849 
Hypothesis: Model is not improved by experiment segregation. A single curve for all 
experimental points is adequate. 
Hypothesis Sum of Squares= 0.158110 - 0.025849 = 0.132261 
Hypothesis Degrees of Freedom= 3 x 3 - 3 = 6 
Hypothesis Mean Square= 0.132261/6 = 0.022044 
Number of Observations= 17 
Error mean squares= 0.025849/(17-9) ~ 0.003231 
F Calculated= 0.022044/0.003231 = 6.82 
F (0.05, 6, 8) = 3.58 
F Calculated exceeds the table value. Therefore, the hypothesis is rejected. 
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Figure 14. Proposed Steady-State Models - Total Suspended Solids. 
68 
range of overflow rates observed in this research. The nature of 
the reparameterized parabola utilized for steady-state model 
developnent (Equation 14) indicates a maximum value for percent 
reduction. In some cases, the predicted maximum does not occur at 
the 1 owe st overflow rate. It is not expected that the maximum 
reduction would occur at an overflow rate in excess of the lowest 
v a 1 ue, although the nature of the mode 1 may indicate otherwise. 
In such cases, predicted percent reductions for low overflow rates 
should approximate the maximum predicted reduction. Extrapolation 
of the model for overflow rates exceeding the maximum evaluated in 
this research (3600 gallons per day per square foot) would not be 
valid, as predicted reductions would be indicated to be negative 
at elevated overflow rates. This qualification is applicable to 
all models used to describe heavy metal reductions as well. 
The selected performance models for total suspended solids 
reduction (experiment 3 and experiments 4 and 5, respectively) can 
be described by equations 15 and 16, respectively. Figure 15 
shows steady-state models and total suspended solids reduction. 
Reduced Fraction (TSS) = 1.10 - 8.41(10)-8 (ORA+ 1654) 2 (15) 
Reduced Fraction (TSS) = 0.957 - 4.99(10)-8 (ORA+ 296) 2 (16) 
Table 19 lists the average influent total suspended solids 
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70 
TABLE 19 
INFLUENT TOTAL SUSPENDED SOLIDS 





AVERAGE INFLUENT TSS 
148 mg/1 
227 mg/ 1 
304 mg/1 
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Model development for reduction of heavy metals required 
three separate combinations of steady-state models with respect to 
the grouping of experiments 3, 4 and 5. The models include two 
curves describing heavy metal reduction in experiment 3 and 
experiments 4 and 5, a single curve describing reduction for all 
experiments, and separate curves for each experimental event. 
Table 20 summarizes the selected steady-state models for the 
parameters analyzed. The individual analysis of variance are 
included in Appendix B. 
Lead, zinc and copper reductions closely followed the total 
suspended sol ids reduct ions throughout the experimental events. 
Each of the metals exhibited a lower overa 11 percent reduction 
than solids, but the similarities enabled curve fits resembling 
the models for total suspended solids reduction. The appropriate 
steady-state models for lead, zinc and copper reductions are 
illustrated with one curve for experiment 3, indicating a lower 
heavy metal reduction with reduced initial total suspended solids 
(148 mg/1), and a curve for experiments 4 and 5 combined, 
indicating a greater heavy metal reduction as the influent total 
suspended solids increase to values greater than 150 mg/1. 
Steady-state models for reduct ions of lead, zinc and copper are 
illustrated in Figures 16, 17 and 18, respectively. 
Cadmium and chromium reductions did not follow the 
experimental performance of total suspended solids reductions. 













% Reduction (TSS) = 100[1.10 - 8.41(10)-~8 (0RA + 1654)~] % Reduction (TSS) = 100[0.957 - 4.99(10) (ORA+ 296) ] 
% Reduction (Pb) = 100[0.684 - 2.90(10)=~ (ORA+ 40.2!2] 
% Reduction (Pb) = 100[0.837 - 5.00(10) (ORA+ 358) J 
% Reduction (Cu) = 100[0.272 - 4.21(10)=~ (ORA+ 465)~] 
% Reduction (Cu) = 100[0.680 - 6.85(10) (ORA - 451) J 
% Reduction (Zn) = 100[0.782 - 2.64(10)=~ (ORA+ 139)~] 
% Reduction (Zn) = 100[0.797 - 5.18(10) (ORA+ 162) J 
% Reduction (Cd) = 100[0.741 - 9.65(10)-8 (ORA - 718) 2] 
% Reduction (Cr) = 100[0.690 - 5.49(10)-8 (ORA - 226) 2] 
% Reduction (Fe) = 100[0.759 - 3.05(10)=~ (ORA+ 262)~] 
% Reduction (Fe) = 100[0.895 - 7.14(10) (ORA - 245) l 
% Reduction (Fe) = 100[0.418 - 6.17(10)-8 (ORA - 1168) J 
% Reduction (Ni) = 100[0.046 + 4.46(10)=: (ORA - 3456i2J 
% Reduction (Ni) = 100[0.686 - 6.37(10) (ORA - 389) J 
ORA= Overflow rate in gallons per day per square foot. 
* Initial iron concentration in excess of 1000 µg/1 
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Figure 18. Steady-State Models - Zinc. 
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statistical evidence to show a significant dependence upon initial 
total suspended solids. A single curve for each metal (cadmium 
and chromium) adequately describes all three experiments. The 
range of cadmium and chromium concentrations typically increased 
by 95% and 88%, respectively, from one experiment to the next. 
Some of the cadmium concentrations observed in this research, in 
excess of 100 µg/1, are not representative of typical values, 
although this cadmium concentration seemed to be present in the 
street sweepings collected for this spike. Steady-state models 
for reductions of cadmium and chromium are illustrated in Figures 
19 and 20. 
Iron reductions followed performance of total suspended 
solids reductions for experiments 3 and 4, although the results of 
experiment 5 indicate that a factor more important than initial 
total suspended solids may exist. This factor is initial iron 
concentration. The initial iron concentration of experiment 5, as 
pointed out in the Experimental Results section (Chapter V), was 
10 to 50% of the iron concentrations of experiments 3 and 4. The 
results of experiment 5 show a minimum percent iron reduction for 
the maximum initial total suspended solids concentration observed, 
al though effluent iron concentrations of experiment 5 are the 
lowest concentrations observed. Predictions of iron reduction 
through sedimentation may require application of one curve for 
initial TSS in excess of 150 mg/1 and initial iron concentrations 
in excess of 1400 µg/1, another curve for similar initial iron 
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Figure 19. Steady-State Models - Cadmium. 
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Figure 20. Steady-State Models - Chromium. 
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concentration and initial TSS less than 150 mg/1, and still 
another curve for initial iron concentration less than 150 µg/1. 
The effect of lowered initial TSS and lowered initial iron 
concentration on iron reduction was not evaluated. It is likely 
that this low concentration of iron will remain in solution and is 
not attracted to particulate association. This is 
i 11 us tr ated by the effluent iron concen tr at ions at the minimum 
overflow rates analyzed in experiments 3 and 4, as these 
concentrations typically exceed 100 µg/1, indicating that this 
concentration of iron will remain in solution. Steady-state 
models for iron reduction are illustrated in Figure 21. 
Nickel reductions require individual curves for each of the 
experiments. Nickel has only two curves because data points were 
used only from experiments 4 and 5. All values from experiment 3 
indicated negative reductions for nickel and were deleted as 
stated in the Experiment Identification section (Chapter V). An 
increase in nickel reduction from experiment 4 to experiment 5 
indicates a factor other than initial total suspended solids in 
nickel reduction. There is an increase in initial nickel 
concentration in experiment 5 of ten times the initial nickel 
concentration of experiment 4. For nickel, the increase of . 
initial total suspended solids and nickel concentrations is 
accompanied by an increase in overall nickel reduction. The 
critical factor, initial TSS or initial nickel concentration, 
cannot be determined. Similarities for all heavy metals exist in 
100 
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Figure 21. Steady-State Models - Iron. 
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that for lower metal concentrations, greater fractions of these 
concentrations are expected to remain in solution, due to 
solubility limitations. Steady-state models for nickel reduction 
are illustrated in Figure 22. The steady-state models listed in 
Table 20 allow predictions for maximum percent reductions based on 
results of this research for total suspended solids and each of 
the heavy metals. The maximum percent reduction indicated by 
these models is compared to observed maximum percent reductions of 
this research in Table 21. In the cases where the observed 
percent reduction exceeds the percent reduction predicted by the 
appropriate steady-state model, the cause is usually a single 
observation which lies above the points representing typical 
observed reduct ions. Experiment 3 and experiments 4 and 5 are 
separated due to initial total suspended solids variation. 
Initial total suspended sol ids of experiment 3 are less than 150 
mg/1, and those of experiments 4 and 5 are greater than 150 mg/1. 
This table indicates that observed reductions for total suspended 
solids exceed heavy metal reductions in all cases of comparable 
experimental conditions. The increased reductions in cases of 
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MAXIMUM PERCENT REDUCTIONS OBSERVED 
AND AS PREDICTED BY STEADY-STATE MODEL 
OBSERVED* 
Exp. 3 Exp. 4 & 5 




Exp. 3, 4 & 5 
97 .o 
87.7 
Exp. 3 Exp. 4 Exp. 5 




Exp. 3 Exp. 4 & 








Exp. 3 Exp. 4 Exp. 5 
73.8 89.5 41.8 
57.9 68.6 
* Observed maximum reductions for experiments 3, 4 and 5 occur 
at overflow rates of 23, 23 and 75 gallons per day per square 
foot, respectively. 
CHAPTER VI 
CONCLUSIONS AND ENGINEERING SIGNIFICANCE 
The models used to describe reductions of total suspended 
solids and heavy metals are limited to the mixtures, specific 
environmental conditions, and range of overflow rates observed in 
this research. The samples used for this research were stormwater 
derived samples, spiked with street sweepings of known particle 
size distribution. The sample spike contained only particles with 
diameters less than 500 microns, and the greatest percentage of 
the spike is represented by particles less than 125 microns in 
diameter. Concentrations of heavy metals observed in this 
research do not necessarily represent levels typically present in 
stormwater runoff. Reduction of the parameters analyzed in this 
research (total suspended solids, lead, copper, zinc, cadmium, 
chromium, iron and nickel) is considered to be limited to physical 
sedimentation processes. Other processes which may promote 
reductions of suspended sol ids and heavy metals in a natural 
system, such as biological assimilation, are not considered to be 
a factor in this research situation. Model selection for total 
suspended solids and heavy metals was determined through the 
statistical methods of the principle of conditional error and 
analysis of variance. 
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CHAPTER VI 
CONCLUSIONS AND ENGINEERING SIGNIFICANCE 
The models used to describe reductions of total suspended 
solids and heavy metals are limited to the mixtures, specific 
environmental conditions, and range of overflow rates observed in 
this research. The samples used for this research were stormwater 
derived samples, spiked with street sweepings of known particle 
size distribution. The sample spike contained only particles with 
diameters less than 500 microns, and the greatest percentage of 
the spike is represented by particles less than 125 microns in 
diameter. Concentrations of heavy metals observed in this 
research do not necessarily represent levels typically present in 
stormwater runoff. Reduct ion of the parameters analyzed in this 
re search ( t o ta l s us pended sol id s , l e ad , copper , z i n c , ca dm i um , 
chromium, iron and nickel) is considered to be limited to physical 
sedimentation processes. Other processes which may promote 
reductions of suspended solids and heavy metals in a natural 
system, such as biological assimilation, are not considered to be 
a factor in this research situation. Model selection for total 
suspended solids and heavy metals was determined through the 
statistical methods of the principle of conditional error and 
analysis of variance. 
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The reductions of total suspended sol ids in a variable, 
continuous flow column were observed to be a function of overflow 
rate and influent total suspended solids (Figure 15). At 
equivalent overflow rates, samples with an initial TSS in excess 
of 150 mg/1 were observed to settle with a greater percent 
reduct ion than samples with an initial TSS below this level. 
Reductions of TSS in the system are described by two models, one 
for initial TSS above 150 mg/l and one for concentrations below 
this level. The range of overflow rates observed in this research 
is 23 to 3600 gallons per day per square foot. Overflow rates in 
ex c es s of th i s v al u e are not a cc u rate l y a pp l i e d to the mode l s . 
Both models are reparameterized parabolas of the following form: 
Reduced Fraction= a+ b(overflow rate - c) 2 (15) 
The nature of the reparameterized parabola selected for 
steady-state model dev el opnent (Equation 14) indicates a maximum 
value for percent reduction (Table 21). In some cases, the 
predicted maximum does not occur at the lowest overflow rate. It 
is not expected that the maximum reduct ion would occur at an 
overflow rate in excess of the lowest value, although the nature . 
of the model may indicate otherwise. In such cases, predicted 
percent reductions for low overflow rates should coincide with the 
maximum predicted reduction. Predictions for reduction 
corresponding to overflow rates exceeding 3600 gallons per day per 
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square foot, the maximum overflow rate analyzed, are not valid, as 
predicted reductions would be indicated to be negative at elevated 
overflow rates. These qualifications are applicable to models 
developed for reductions of total suspended solids and heavy 
metals. 
Heavy metal reductions were characterized by the similar 
parabolic form as total suspended solids, although the heavy 
metals observed (lead, copper, zinc, cadmium, chromium, iron and 
nickel) are represented by models specific to each. The 
similarity to total suspended solids reductions supports the 
mechanism of adsorption of heavy metals onto suspended sol ids, 
therefore considered to be of particulate form, and subsequent 
reduction through sedimentation. Lead (Figure 16), copper (Figure 
17) and zinc (Figure 18) were observed to follow performance 
trends of total suspended sol ids. Overall reductions of these 
metals were lower than reductions for suspended solids, but 
similarities enabled curve fits resembling the models for total 
suspended sol ids. Lead, copper and zinc reductions observed in 
this research are best described by one curve for initial TSS 
greater than 150 mg/1 and one curve for initial TSS less than this 
concentration. 
Reductions of cadmium and chromium observed in this research 
are best described by a single curve of the parabolic form of 
Equation 15, over the range of all experimental data points. 
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Sensitivity to suspended solids concentration was not demonstrated 
to be significant. 
Observed iron and nickel reductions differed from the other 
heavy metals analyzed in that the concentration of the specific 
metal appeared to be a factor in sett lea bi l ity. Iron reduct ions 
are characterized similar to total suspended solids, lead, copper 
and zinc for initial iron concentrations of 1400 l-lg/l and above, 
although reductions of iron were lower for initial iron 
concentrations less than 150 µg/1. Predictions for iron 
reductions through sedimentation, as represented by this research, 
are best characterized by one curve for initial TSS greater than 
150 mg/l and initial iron concentrations greater than 1400 µg/1, 
one curve for similar iron concentrations and initial TSS less 
than 150 mg/1, and another curve for initial iron concentrations 
less than 150 µg/l. 
Nickel reductions were observed to be less for low initial 
nickel concentrations (less than 10 µg/1) than for higher initial 
concentrations (greater than 100 µg/l), with similar TSS in each 
of the cases. Meaningful data for variant TSS was not obtained 
for nickel reductions, as initial nickel concentrations were low 
and reductions were calculated as zero or below in this 
experiment, although a relation may exist for nickel reduction and 
initial total suspended solids concentration. Nickel reduction, 
as observed in this research, is best described by one curve for 
low initial nickel concentrations and another curve for nickel 
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concentrations initially in excess of 100 µg/1, both curves 
representing initial TSS greater than 150 mg/1. 
Performance of all heavy metal reductions analyzed in this 
research were found to be less than predicted reductions for the 
particle size distribution utilized as determined by the theory of 
sedimentation (Stoke's Law). Table 22 lists the predicted and 
observed percent reductions for each of the heavy metals for the 
maximum overflow rate analyzed (3600 gallons per day per square 
foot ) . It i s shown that sett 1 em en t pre d i ct i on s on the b a s i s of 
theoretical conditions (quiescent) does not fully describe 
settlement in a continuous flow system. Stormwater management 
facility design on the basis of theoretical sedimentation may not 
a 11 ow adequate storage area for reduced over fl ow rates necessary 
for reduction of heavy metals. 
For a 11 of the meta 1 s, the overa 11 percent reduct ion was 
observed to be less than overall reductions for total suspended 
solids. Therefore, the design of detention facilities to maximize 
heavy metal reduction cannot be adequately described by total 
suspended solids settleability. For example, arbitrarily choosing 
50% reduction as a guideline, the models (Table 20) resulting from 
this research indicate maximum values of overflow rates for each 
analyzed parameter that represents a 50% level of reduction. 
Table 23 identifies the overflow rates represented by the models 
developed in this research to exhibit 50% reductions of total 
suspended solids and heavy metals. A reduction of 50% is 
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TABLE 22 
PREDICTED AND OBSERVED METAL REDUCTIONS 































OVERFLOW RATES OBSERVED 
TO EXHIBIT 50% REDUCTIONS 
INITIAL TSS > 150 MG/L INITIAL TSS < 150 MG/L 
( g pd/sq. ft.) (gpd/sq. ft.) 
2730 1017 
2238 756 





2098* 50% Not Observed 
to initial nickel concentrations greater than 100 µg/1. 
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generally not acceptable but was chosen to illustrate the models. 
In some cases, achievement of 50% reduction was indicated not to 
be possible for the conditions of this research. 
In addition to percentage mass reductions, levels of 
concentrations of heavy metals in stormwater management is a 
factor which must be considered. Results of this research 
indicate that the Class III Waterway Criteria for the State of 
Florida (Table 1) are not always met with the mixture utilized in 
the continuous fl ow sys tern of this re search. The heavy meta 1 s 
cadmium, lead and zinc were not always reduced to concentrations 
st i p u 1 ate d by these reg u 1 at i on s , even at the 1 owe st fl ow rates 
investigated. The levels of copper and nickel do not meet the 
listed criteria in all cases, although the concentrations are 
generally acceptable at the low overflow rates. It is likely that 
in cases of elevated heavy metal concentrations in stormwater 
runoff, reliance upon the mechanism of sedimentation for reduction 
of these pollutants may not be adequate. 
In the design of detention facilities, identification of a 
critical pollutant may act as a guide for requirements for 
reduction through sedimentation, although for most of the heavy 
metals, the concentration of suspended solids, and the amount of . 
surface area accompanying the solids, is a critical factor in 
heavy metal adsorption and subsequent settlement. Potential heavy 
metal reductions by sedimentation mechanisms in stormwater 
management facilities may not be adequate in cases of lowered 
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initial total suspended solids. The addition of coagulant aids 
may be beneficial, although the use of such chemicals in a natural 
s y st em tend to alter ch em i c al qua l it i e s as we ll as i n crease the 
amount of s e d i men t a cc um u l at i on , wh i c h i n turn i n c re a s e s 
maintenance requirements. 
The specifics to reductions of these pollutants resulting 
from this research are limited to the range of over fl ow rates 
analyzed, as well as conditions of the mixtures utilized for 
experimentation. The dependence on total suspended solids for 
reductions of all of the heavy metals analyzed is indicated by the 
similarities in performance reductions of all parameters. It is 
the nature of stormwater to transport particles from road surfaces 
to detention facilities. Other pollutants, such as heavy metals, 
are stormwater-transported and adsorb onto the suspended sol ids. 
The specifics of heavy metal adsorption onto particles and 
subsequent settlement define requirements for stormwater 
management when reduction of these pollutants is a priority. 
Research typically answers some questions, while it also 
tends to raise more questions. Additional research needs 
concerning the reduction of heavy metals in urban stormwater 
include: 
1. Continued laboratory and pilot-scale studies to identify 
the existing factors for adsorption to particulates and subsequent 
settlement of the metals. Particle size distributions of 
particles less than 45 microns in diameter may describe metal 
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reductions in more detail, as these fine particles are of most 
concern. Once the factors likely to affect heavy metal reductions 
have been established, full-scale studies are necessary to refine 
existing guidelines for heavy metal reductions in stormwater 
management facilities. 
2. Investigation of the permanence of particle reduction 
through sedimentation to indicate if possible reintrainment of 
settled particles, especially those of reduced size, in 
circumstances of increased flow is reducing the overall 
effectiveness of detention facilities. Resuspension of metal 
concentrations is also possible through dissolution from the 
particulate fraction. 
3. Due to the variable nature of stormwater, identification 
of key factors which effect treatment through detailed and 
specific analysis may aid in guideline development that can be 
applied to a variety of conditions. Included in key factors are 
particle size distribution, physical characteristics of particles,. 
and effects of varying heavy metal concentrations as well as other 
water quality parameters. 
4. Investigation of effects of depth variations in 
stormwater management facilities while the volume remains 
constant, and resulting pollutant reductions. 
5. Long-term observations of full-scale stormwater 
management facilities will allow evaluation of variable flow rates 




METAL CONCENTRATIONS IN STREET SWEEPINGS 
AND EXPERIMENT SPIKES 
TABLE 24 
METAL CONCENTRATIONS IN PARTICLE SIZE RANGES 
CONCENTRATION AS MG METAL PER KG 
PARTICLE SIZE MASS PARTICLES IN GIVEN SIZE RANGE 
RANGE % 
Cd Zn Cu Fe Pb Ni 
499 to 250 microns 65.4 9.24 69.40 9.96 846.0 98.20 9.22 
249 to 125 microns 30.6 11.24 60.00 3.54 1434.0 76.60 4.20 
124 to 45 microns 3.4 13 .16 159.00 61.00 3768.0 444.0 11.36 










Values listed in Table 9 were calculated as follows: 
mg of meta 1 
kg in particle size range 
(Table 24) 
X 
mass fraction in size range 
(street sweepings< 500 
microns) 
(Table 8) 
= mg of metal in size fraction 
kg of street sweepings less 
than 500 microns 
(Table 9) 
Values listed in Table 10 were calculated as follows: 
mg of metal in size fraction 
kg of street sweepings less 
than 500 microns 
(Table 9) 
total mg of metal 
kg of street sweepings 
less than 500 microns 
(Table9 r) 
= metal concentration percentage associated with 
particle size range in street sweepings less 
than 500 microns in diameter 
(Table 10) 
Values listed in Table 14 were calculated as follows: 
mg of metal 
[kg in particle size range 
(Table 24) 




mg in size range (spike)] 
liter of water 
(Table 13) 
calculated metal fraction (%) 
associated with particle size range 




Values listed in Table 15 were calculated as follows: 
Assumptions: Class I sedimentation 
Stoke's Law 
Particles spherical in shape 
Specific Gravity gf 2.5 (S) 
Temperature of 22 C 
Kinematic Viscosity of 9.629 (10)-3 cm21s (v) 
Diameter of 45 microns (0.0045 cm) , 
Once a metal is associated with a particle, it 
remains there 
Vs= (g/18v)(S-l)d2 
Vs= [(9.81 cm/s2)/18(9.629 x 10-3 cm2/s)J (2.5-1)(0.0045 cm) 2 
Vs= 0.1719 cm/s = 3653 gpd/ft2 
Table 15 lists metal percentages associated with particles of 
diameters less than 45 microns. This overflow rate of 3643 
gpd/ft 2 indicates that 100% of the particles with diameters 
greater than 45 microns theoretically settle at this flow. 
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EPA Reduction Prediction SuITTTiary 
The U.S. Environmental Protection Agency (1986) has proposed 
a method for total suspended solids reduction in stormwater 
management facilities. Application of this analysis to specifics 
of this research results in calculated reductions exceeding the 
values observed. A factor which may affect the excess theoretical 
reductions is the nature of the experimental procedure (upflow and 
continuous flow). The calculated reduction (EPA 1986) indicates 
an overall total suspended solids percent reduction of 72% for the 
maximum overflow rate (959 gpd/ft 2) and initial particle size 
distribution of experiment 3. The observed reduction for this 
experimental condition was 53%. The calculated reduction for the 
maximum flow rate of experiments 4 and 5 (3600 gpd/ft 2) was 58%, 
and observed values were 18%. The variations indicated here may 
be due to the lack of application of this method to an upflow 
system. 
APPENDIX B 
COLUMN STUDY RESULTS 
TABLE 25 
COLUMN STUDY RESULTS - TOTAL SUSPENDED SOLIDS 
EXPERIMENT OVERFLOW ~ATE INFLUENT CONCENTRATION EFFLUENT CONCENTRATION ( gpd/ ft ) (PARTS PER MILLION) (PARTS PER MILLION) 
3 23 148. 18.0 
4 23 455. 4.2 
4 38 169. 7.6 
5 75 515. 22.6 
2 78 63. 11.4* 
1 90 33. 11.0* 
4 90 169. 7.8 
3 113 148. 27.0 
2 131 63. 13. 9* 
1 150 33. --* 
2 218 63. 14.6* 
4 254 169. 20.0 
3 305 148. 31.4 
2 480 63. 13. 7* 
3 959 148. 70.0 
4 980 291. 22.0 
4 1000 169. 31.0 
5 1062 262. 28.9 
5 1525 262. 51.0 
5 1765 262. 87.1 
5 2566 262. 95.5 
4 2568 169. 78.0 
5 3600 262. 216. 




COLUMN STUDY RESULTS - LEAD 
EXPERIMENT OVERFLOW ~ATE INFLUENT CONCENTRATION ( gpd/ ft ) (PARTS PER BILLION) 
3 23 168. 
4 23 387. 
4 38 163. 
5 75 204. 
2 78 64.3 
1 90 37.6 
4 90 163. 
3 113 168. 
2 131 64.3 
1 150 37.6 
2 218 64.3 
4 254 163. 
3 305 168. 
2 480 64.3 
3 959 168. 
4 980 203. 
4 1000 163. 
5 1062 116. 
5 1525 116. 
5 1765 116. 
5 2566 116. 
4 2568 163. 
5 3600 116. 
* Deleted from model develoµnent - Experiments 1 and 2 
** Set at zero percent reduction 
EFFLUENT CONCENTRATION 




























COLUMN STUDY RESULTS - COPPER 
EXPERIMENT l OVERFLOW ~ATE I INFLUENT CONCENTRATION EFFLUENT CONCENTRATION 
I --ct/ ft ) (PARTS PER BILLION) (PARTS PER BILLION 
3 23 39.6 32.0 
4 23 68.6 14.2 
4 38 32.6 12.9 
5 75 136. 33.9 
2 78 22.3 23.2* 
1 90 12.8 10.8* 
4 90 32.6 14.6 
3 113 39.6 31.0 ..... 
2 131 22.3 16.1* 0 w 
1 150 12.8 18.3* 
2 218 22.3 12.4* 
4 254 32.6 11.4 
3 305 39.6 29.2 
2 480 22.3 16.1* 
3 959 39.6 32.9 
4 980 36.6 11.9 
4 1000 32.6 15.2 
5 1062 75.1 19.6 
5 1525 75.1 26.4 
5 1765 75.1 33.6 
5 2566 75.1 41.9 
4 2568 32.6 23.0 
5 3600 7 5 .1 79.9** 
Deleted from model developnent - Experiments 1 and 2 


























COLUMN STUDY RESULTS - ZINC 
OVERFLOW ~ATE 










































































* Deletecf from m~odeT ae~v~elopme~nT - Experiments 1 and 2, or indicates negative 
remova 1 s 





COLUMN STUDY RESULTS - CADMIUM 
EXPERIMENT OVERFLOW ~ATE INFLUENT CONCENTRATION (gpd/ft ) (PARTS PER BILLION) 
3 23 8.66 
4 23 8. 77 
4 38 4. 98 
5 75 176. 
2 78 0.60 
1 90 5.36 
4 90 4.98 
3 113 8.66 
2 131 0.60 
1 150 5.36 
2 218 0.60 
4 254 4.98 
3 305 8.66 
2 480 0.60 
3 959 8.66 
4 980 5.02 
4 1000 4.98 
5 1062 102. 
5 1525 102. 
5 1765 102. 
5 2566 102. 
4 2568 4.98 
5 3600 102. 
pn p 
removals 
** Set for percent removal equal to zero 
EFFLUENT CONCENTRATION 





























COLUMN STUDY RESULTS - CHROMIUM 
EXPERIMENT OVERFLOW ~ATE INFLUENT CONCENTRATION EFFLUENT CONCENTRATION (gpd/ft) (PARTS PER BILLION) (PARTS PER BILLION) 
3 23 18.0 6.63 
4 23 37. 3 4.60 
4 38 16.2 4.11 
5 75 151. 52.7 
2 78 3.56 5.44* 
1 90 0. O.* 
4 90 16.2 4.62 
3 113 18.0 7.07 
2 131 3.56 4.55* 
1 150 0. 1.11* 
2 218 3.56 4.27* 
4 254 16.2 5.44 
3 305 18.0 6.47 
2 480 3.56 7.81* 
3 959 18.0 49.4* 
4 980 21.6 5.29 
4 1000 16.2 6.22 
5 1062 91.8 42.4 
5 1525 91.8 34.9 
5 1765 91.8 41. 5 
5 2566 91.8 46.3 
4 2568 16.2 10.3 
5 3600 91.8 I 89.3 
* Deleted from model developm~enT~- Experfments 1 and~Z~, or indicates negative 





COLUMN STUDY RESULTS - IRON 
EXPERIMENT OVERFLOW ~ATE INFLUENT CONCENTRATION (gpd/ft) (PARTS PER BILLION) 
3 23 1422. 
4 23 3969. 
4 38 1801. 
5 75 214. 
2 78 699. 
1 90 446. 
4 90 1801. 
3 113 1422. 
2 131 699. 
1 150 446. 
2 218 699. 
4 254 1801. 
3 305 1422. 
2 480 699. 
3 959 1422. 
4 980 2492. 
4 1000 1801. 
5 1062 137. 
5 1525 137. 
5 1765 137. 
5 2566 137. 
4 2568 1801. 
5 3600 137. 
-pnent - t:xp 
** Set at zero percent reduction 
EFFLUENT CONCENTRATION 




























COLUMN STUDY RESULTS - NICKEL 
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** Set at zero percent reduction 
' -
EFFLUENT CONCENTRATION 





























PARAMETER ESTIMATES AND ANOVA 
ANALYSIS OF VARIANCE 
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TABLE 33 









% Reduction= 1.10-8.4(10)-8 (ORA-561) 2 
% Reduction= 0.976-4.11(10)-8 (ORA-683) 2 
% Reduction= 0.954-5.28(10)-8 (ORA-1893) 2 
% Reduction= 0.957-4.99(10)-8 (ORA-296) 2 
Residual 








Hypothesis: Model is not improved by experiment segregation. Two 
curves adequately describe results. 
Hypothesis Sum of Squares= 0.026571 - 0.025849 = 0.000722 
Hypothesis Degrees of Freedom= (3 x 3) - (2 x 3) = 3 
Hypothesis Mean Square= 0.000722/3 = 0.000241 
Number of Observations= 17 
Error Mean Square= 0.025849/17-9 = 0.003231 
F Calculated= 0.000241/0.003231 = 0.074 
F (0.05, 3, 8) = 4.07 
Hypothesis is accepted. Reduction is adequately described with one 











PARAMETER ESTIMATES AND ANOVA - LEAD 
Steady-State Model 
% Reduction= 0.684-2.90(10)-7 (ORA-40.2) 2 
% Reduction= 0.863-4.5(10)-8 (ORA-545.7) 2 
% Reduction= 0.744-6.32(10)-8 (ORA+276.8) 2 
% Reduction= 0.837-5.00(10)-8 (ORA-358) 2 
Residual 








Hypothesis: Model is not improved by experiment segregation. Two 
curves adequately describe results. 
Hypothesis Sum of Squares= 0.069477 - 0.057515 = 0.011962 
Hypothesis Degrees of Freedom= 9 - 6 = 3 
Hypothesis Mean Square= 0.011962/3 = 0.003987 
Number of Observations= 17 
Error Mean Square= 0.057515/17-9 = 0.007189 
F Calculated= 0.003987/0.007189 = 0.55 
F (0.05, 3, 8) = 4.07 
Hypothesis is accepted. Reduction is adequately described with one 











PARAMETER ESTIMATES AND ANOVA - COPPER 
Steady-State Model 
% Reduction= 0.272-4.21(10)-7 (ORA-465) 2 
% Reduction= 0.654-5.25(10)-8 (ORA-45.6) 2 
% Reduction= 0.755-6.74(10)-8 (ORA+275) 2 
% Reduction= 0.680-6.85(10)-8 (ORA+451) 2 
Residual 








Hypothesis: Model is not improved by experiment segregation. Two 
curves adequately describe results. 
Hypothesis Sum of Squares= 0.077542 - 0.046975 = 0.030567 
Hypothesis Degrees of Freedom= 9 - 6 = 3 
Hypothesis Mean Square= 0.030567/3 = 0.010189 
Number of Observations= 17 
Error Mean Square= 0.046975/17-9 = 0.005872 
F Calculated= 0.010189/0.005872 = 1.74 
F (0.05, 3, 8) = 4.07 
Hypothesis is accepted. Reduction is adequately described with one 











PARAMETER ESTIMATES AND ANOVA - ZINC 
Steady-State Model 
% Reduction= 0.782-2.64(10)-6 (ORA-139) 2 
% Reduction= 0.917-1.67(10)-8 (ORA-224.3) 2 
% Reduction= 0.698-6.51(10)-8 (ORA+369) 2 
% Reduction= 0.797-5.18(10)-8 (ORA-162) 2 
Residual 
Sum of Squares 
1.93 (10)- 33 
0.016806 
0.012001 
I: 0. 0288071 
0.064157 
1.93 X 10- 33 
I:0.064157 
Hypothesis: Model is not improved by experiment segregation. Two 
curves adequately describe results. 
Hypothesis Sum of Squares= 0.064157 - 0.028807 = 0.035350 
Hypothesis Degrees of Freedom= 9 - 6 = 3 
Hypothesis Mean Square= 0.035350/3 = 0.011783 
Number of Observations= 16 
Error Mean Square= 0.028807/16-9 = 0.004115 
F Calculated= 0.011783/0.004115 = 2.86 
F (0.05, 3, 7) = 4.35 
Hypothesis is accepted. Reduction is adequately described with one 




PARAMETER ESTIMATES AND ANOVA - CADMIUM 
Residual 
Experiment Steadi-state Model Sum of Squares 
3 % Reduction = 0.388-1.49(10)-6 (ORA+515) 2 3. 27 ( 10) -33 
4 % Reduction = 0.768-2.00(10)-7 (ORA+830) 2 0.198140 
5 % Reduction = 0. 843-7 . 90 ( 10) -3 (ORA+357) 2 0.024928 
3+4+5 IO. 223068 
3,4,5 % Reduction = 0.741-9.64(10)-8 (ORA+718) 2 0.342443 
Hypothesis: Model is not improved by segregation of experiments. One 
curve for all points adequately describes results. 
Hypothesis Sum of Squares= 0.342443 - 0.223068 = 0.119375 
Hypothesis Degrees of Freedom= 9 - 3 = 6 
Hypothesis Mean Square= 0.119375/6 = 0.019896 
Number of Observations= 16 
Error Mean Square= 0.223068/16-9 = 0.031867 
F Calculated= 0.19896/0.031867 = 0.62 
F (0.05, 6, 7) = 3.87 
Hypothesis is accepted. Cadmium reduction is adequately described 
with one curve for all experimental points. 
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TABLE 38 
PARAMETER ESTIMATES AND ANOVA - CHROMIUM 
Residual 
Experiment Stead1-State Model Sum of Squares 
3 % Reduction = 0.605+1.58(10)-6 (ORA+154) 2 3.85 (10)-34 
4 % Reduction = 0.792-3.59(10)-8 (ORA-872) 2 0.031781 
5 % Reduction = 0.633-7 .47(10)-8 (ORA+838) 2 0.019207 
3+4+5 I: 0. 050989 
3,4,5 % Reduction = 0.690-5.49(10)-8 (ORA+226) 2 0.094436 
Hypothesis: Model is not improved by segregation of experiments. One 
curve for all points adequately describes results. 
Hypothesis Sum of Squares= 0.094436 - 0.050989 = 0.043447 
Hypothesis Degrees of Freedom= 9 - 3 = 6 
Hypothesis Mean Square= 0.043447/6 = 0.007241 
Number of Observations= 16 
Error Mean Square= 0.050989/16-9 = 0.007284 
F Calculated= 0.007241/0.007284 = 0.99 
F (0.05, 6, 7) = 2.83 
Hypothesis is accepted. Chromium reduction is adequately described 
with one curve for all experimental points. 
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TABLE 39 
PARAMETER ESTIMATES AND ANOVA - IRON 
Residual 
Experiment SteadJ'.-State Model Sum of Squares 
3 % Reduction = 0.759-3.05(10)-7 (ORA-262) 2 0.003638 
4 % Reduction = 0.895-7.14(10)-8 (ORA+245) 2 0.009661 
5 % Reduction = 0.418-6.17(10)-8 ( ORA+ 1168) 2 0.080654 
3+4+5 I: 0 .093952 
4,5 % Reduction = 1.02-1.97(10)-8 (ORA-3311) 2 0.533100 
0.003638 
3+4+5 I:0.536737 
Hypothesis: Model is not improved by experiment segregation. Two 
curves adequately describe results. 
Hypothesis Sum of Squares= 0.536737 - 0.093952 = 0.442785 
Hypothesis Degrees of Freedom= 9 - 6 = 3 
Hypothesis Mean Square= 0.442785/3 = 0.147595 
Number of Observations= 17 
Error Mean Square= 0.093952/17-9 = 0.011744 
F Calculated= 0.147595/0.011744 = 12.6 
F (0.05, 3, 8) = 4.07 
Hypothesis is rejected. Reduction is adequately described with one 









PARAMETER ESTIMATES AND ANOVA - NICKEL 
Stead1-state Model 
% Reduction= 0.046+4.46(10)-8 (ORA+3456) 2 
% Reduction= 0.685-6.37(10)-8 (ORA+389) 2 
% Reduction= 0.565-3.92(10)-8 (ORA-125) 2 
Residual 





Hypothesis: Model is not improved by segregation of experiments. A 
single curve adequately describes results. 
Hypothesis Sum of Squares= 0.267693 - 0.059127 = 0.208566 
Hypothesis Degrees of Freedom= 6 - 3 = 3 
Hypothesis Mean Square= 0.208566/3 = 0.069522 
Number of Observations= 13 
Error Mean Square= 0.059127/13-6 = 0.008447 
F Calculated= 0.069522/0.008447 = 8.23 
F ( 0. 0 5, 3, 7) = 4. 35 
Hypothesis is rejected. Separate curves for each experiment best 
describe nickel reductions. 
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